Abstract. Opening a sizable band gap in the zero-gap silicene is a key issue for its application in nanoelectronics. Based on first-principles calculations, we find that the weak interaction between silicene and Gallium phosphide (GaP) monolayer can open a gap in gapless silicene. At the same time, the gap changes with the interlayer spacing changed. The band gap changes in a large range in silicene and GaP heterobilayer (Si/GaP HBL). These means the HBLs is a good material to design effective FETs out of silicene on GaP monolayer.
Introduction
With buckled honeycomb structure, silicene is a single silicon monolayer [1] . Tetrahedral sp3 hybridization is formed because of the strong trend of Si atoms. Different from graphene, a low buckled silicene is predicted to be more stable than the planar one. This may introduce several new properties to silicene. Owing to its useful chemical and physical properties, it has received considerable interests, such as ferromagnetism [2] , half-metallicity [3] , quantum hall effect and giant magnetoresistance [4] . Silicene has been synthesized on experiment by means of depositing silicon on Ag [5] [6] [7] and ZrB2. Dirac cones is also predicted theoretically, which is a linear dispersion in the band structure of free-standing silicene with a Fermi velocity of about 1.3×10 6 m/s [8] . P. Vogt proved the results on experiment. Zhi-Xin Guo et al found that due to buckling of the Si monolayer and mixing between Si and Ag orbitals, Dirac electrons disappeared near Fermi energy.
Most of the reported silicene growth is on metallic substrates. But since the metal dominates the electronic properties, it is a bad news to the potential application of silicene in nanoelectronic devices. At the same time, the metallic substrates screen externally applied electric fields and therefore prohibit manipulation of the electronic structure. So the growth of silicene on semiconducting or insulating substrates is required. At the same time, it is urgent to find a good nanostructure with the Dirac feature of silicone kept, and a sizable gap opened at the Dirac point is also highly expected. Some groups studied theoretically on the charge transfer occurring at the silicene/(0001) ZnS [9] or silicene/GaS interface. The results show that it dose open an indirect energy band gap. But how to realize on experiment still keeps unknown.
Gallium phosphide (GaP) has a wide band-gap of 2.24eV. It is a good material for electronic and high-temperature optical devices. Having a wurtzite phase, GaP film is also in honeycomb structure, just like silicene. And the lattice of GaP and silicone matches very well. So, GaP is a very good semiconducting substrate with adequate symmetry and in-plane lattice parameters for the growth of silicene. GaP films were successfully grown on Si substrates and some device had been fabricated decades before [10] . But until now, neither the interaction between silicene and GaP film nor the possible physical effect on the interface has been fully studied. Considering the many important applications of nanosilicon species, especially in semiconductor industry, these Si/GaP heterosheets will not only enrich the basic science and advance the silicon-based technology, but also open up a new direction in silicene research.
In the present work, we calculated new 2D hybrid HBLs in which silicene deposit on monolayer (ML) GaP. The hexagonal structure is analogous with grapheme. We also studied its geometric and electronic properties with first-principles calculations. The results show that the charge transfer at the silicene/(0001) GaP interface leads to the opening of an energy band gap in silicene, and the band gap can be tuned effectively by changing the interlayer spacing. These results of this material may have potential applications in fabricating effective FETs.
Computation
All the calculations were performed by means of first-principles calculations as implemented in the Vienna ab-initio Simulation Package (VASP). Generalized gradient approximation (GGA) with the Perdew-Burke-Ernzerhof (PBE) exchange correlation functional is adopted to describe the exchange-correlation interaction, which is developed for the calculations of surface systems. The projector augmented wave method is used to describe the electron−ion interaction. The plane-wave basis set cutoff is 400 eV. The convergence thresholds for energy and force are 10−5eV and 0.02eV/Å, respectively.
We impose a commensurability condition between silicene and ML-GaP, where both a 4 × 4 lateral periodicity of silicene and GaP monolayer are employed. The Monkhorst-Pack (MP) scheme is used to sample the Brillouin zone, which adopts the 11 × 11 × 1 and 36 × 36 × 1 k-mesh in the relaxation and accurate self-consistency calculation, respectively. In order to minimize the interaction between neighboring cells, the computations were performed on periodic slab models, with about 15 Å of vacuum between the periodic cells.
Results
We consider four different structural arrangements of silicene/GaP (Si/GaP) heterosheets: (i)half Si atoms placed directly on top of P atoms and half Si atoms are overhead the centres of GaP hexagons called hollow sites, (ii) half Si atoms placed directly on top of Ga atoms half Si atoms placed at hollow sites, (iii) all Si atoms placed right on top of Ga and P atoms, (iv) some Si atoms placed at the middle of Ga-P bond, the so called bridge sites. After structural relaxations, silicene keeps its original planar an. First of all, we make a molecular dynamics simulation to make sure the thermo-stability of the HBLs, as shown in the fig. 1 . Up to 300K, in time longer than 3ps, the energy as well as configurations still keeps stable. That means the structures are stable and possible fabricated on experiment.
Then we studied band structures of four configurations. Results of the band gap of ground state have been reported elsewhere. Now we focus on the gap changing with the interlayer spacings. The band structures are shown in Fig. 2 . When the interlayer spacing d is relatively large, there is nearly no charge accumulation in the interspace of Si and GaP layers. Therefore, the onsite energy difference of the two silicene sublattices is very small and the van der Waals interaction will play the major role in the system. In this case, the band gap decreases with the increase of d. However, if the interlayer spacing d decreases significantly, there is a clear charge accumulation between the lower Ga and upper Si atoms, suggesting the strong orbital hybridization between two layers. Charge density difference (CDD) of pattern i is shown in figure 3 to analysis the characteristics of band structure. We define the CDD as
Where ρ(Si/GaP), ρ(Si) and ρ(GaP) are the total charge densities for Si/GaP HBL, isolated silicene and ML-GaP respectively, as shown in fig. 3 .
In the interlayer space, there is charge redistribution in the interface, suggesting the strong orbital hybridization between sublayers. The charge is accumulated in the interlayer space below the down Si atoms, while it is dissipated at the top of Ga atoms. This suggests that the charge redistribution is mainly attributed to the electrostatic repulsion, which is consistent with the band analysis above. Thus, it induces an intrinsic electric field, which points from the GaP layer towards silicene. Here, we find that due to the interlayer charge redistribution, the Si/GaP heterosheets open a sizable band gap.
Conclusion
In summary, we have performed first-principles calculations to study the band gap engineering of Si/GaP HBL. It can be seen that the silicene can bind to monolayer GaP, which opens a sizable band gap of silicene changes. The gap is sensitive to the spacings of Si and GaP interlayers. These findings are very interesting and may be further proven by experimental works on Si/GaP HBL in.
